High osmolarity and glucose deprivation cause rapid shutdowns of both actin polarization and translation initiation in yeast. Like these stresses, administration of local anesthetics and of antipsychotic phenothiazines caused similar responses. All these drugs have amphiphilic structures and formed emulsions and permeabilized the cell membrane, indicating that they have the same features as a surfactant. Consistently with this, surfactants induced responses similar to those of local anesthetics and phenothiazines. Benzethonium chloride, a cationic surfactant, showed a more potent shutdown activity than phenothiazines, whereas SDS, an anionic surfactant, transiently depolarized actin without inhibiting translation initiation, suggesting that a cationic charge in the amphiphile is important to the shutdown of both reactions. The clinical drugs and the cationic surfactants at low concentrations caused shutdown without membrane permeabilization, suggesting that these compounds and stresses activate shutdown, via perturbation rather than disruption of the cell membrane.
High osmolarity and glucose deprivation cause rapid shutdowns of both actin polarization and translation initiation in yeast. Like these stresses, administration of local anesthetics and of antipsychotic phenothiazines caused similar responses. All these drugs have amphiphilic structures and formed emulsions and permeabilized the cell membrane, indicating that they have the same features as a surfactant. Consistently with this, surfactants induced responses similar to those of local anesthetics and phenothiazines. Benzethonium chloride, a cationic surfactant, showed a more potent shutdown activity than phenothiazines, whereas SDS, an anionic surfactant, transiently depolarized actin without inhibiting translation initiation, suggesting that a cationic charge in the amphiphile is important to the shutdown of both reactions. The clinical drugs and the cationic surfactants at low concentrations caused shutdown without membrane permeabilization, suggesting that these compounds and stresses activate shutdown, via perturbation rather than disruption of the cell membrane.
Key words: yeast; actin; translation; surfactant; stress Environmental stresses rapidly shut down several biological reactions in the yeast Saccharomyces cerevisiae. Using both translation initiation and polarization of the actin cytoskeleton as indicators, the shutdown is characterized by three patterns: (i) rapid inhibition of translation initiation without rapid depolarization of actin, by amino acid deprivation, (ii) rapid, transient depolarization of actin without translation inhibition, by mild heat shock, and (iii) transient, simultaneous shutdown of both translation initiation and actin polarization by osmotic stress or glucose deprivation. [1] [2] [3] [4] [5] Transient shutdown by osmotic stress or glucose deprivation is divided into two reactions. One is rapid shutdown of both translation initiation and actin polarization, and the other is a slow adaptation to the shutdown by modulation of known pathways, including Hog1 MAP kinase, the Msn2/4 transcription factor, or the Snf1 kinase, 1, 4) but the precise mechanism directly involved in the rapid shutdown remains unknown.
Local anesthetics interrupt nerve transmission in the central nervous system (CNS) by blocking sodium conductance. Two molecular mechanisms have been proposed to explain the action of local anesthetics on sodium channels: direct binding of the anesthetic to specific receptors on sodium channels 6, 7) and inhibition of channel function as a consequence of general perturbation of the cell membrane. 8, 9) What mechanisms are crucial to the pharmacological actions of local anesthetics is unknown. Phenothiazine tranquilizers elicit a variety of neuroleptic effects and are widely used as antipsychotic drugs. For example, chlorpromazine (CPZ), one of the better-known phenothiazines, exerts its antipsychotic effects by blocking dopamine receptors, 10, 11) but it affects voltage-sensitive ion channels 12) and various neurophysiological receptors for GABA 13) or nicotinic acetylcholines (ACh). 14) These observations suggest that the diverse effects of CPZ might be caused by mechanisms other than blockage of a specific cellular receptor. Accordingly, the mechanism of action of local anesthetics and phenothiazines remains controversial.
Many studies have been conducted to elucidate the mechanisms of action of local anesthetics and phenothiazines using erythrocytes or model membranes. [15] [16] [17] These studies have revealed the effects of the drugs on membranes and on specific channels and receptors in the membranes, but it is difficult to determine the intracellular reactions caused by the drugs, since the systems y To whom correspondence should be addressed. Fax: +81-3-5841-4465; E-mail: uesono@biol.s.u-tokyo.ac.jp lack normal cellular functions. Therefore, in vivo experiments examining membrane integrity at the molecular level are necessary to determine the effects of the drugs on intracellular responses. In this context, the use of a genetically tractable model organism should benefit the field. Tetracaine (TC), a local anesthetic, rapidly depolarizes the actin cytoskeleton 18) and inhibits translation initiation in yeast (our unpublished data), similar to the environmental stress response of this organism. CPZ has also rapidly inhibited translation initiation in yeast. 19) These observations suggest that local anesthetics, phenothiazines, and environmental stresses target the same machinery, shutting down intracellular reactions in yeast, and that hence, yeast can serve as a useful model to elucidate the direct actions of clinical drugs on intact cells, although yeast has neither a nervous system nor neurophysiological receptors.
Here we characterize the clinical drugs and identify the surfactants as new drugs causing rapid shutdown of intracellular reactions in yeast. These studies were intended to determine the mechanisms common to the responses to both clinical drugs and stress.
Materials and Methods
Yeast strain, medium, growth conditions, and chemicals. Standard genetic manipulations of yeast and DNA were performed as described previously. 20) The BY4743 (MATa/MAT his3Á1/his3Á1 leu2Á0/ leu2Á0 ura3Á0/ura3Á0 met15Á0/MET15 LYS2/ lys2Á0) strain was used in this study. Cells were grown in YPD (2% polypeptone, 1% yeast extract, and 2% glucose) at 25 C. When the OD 600 of the cultures reached 0.5-1.0, the drugs indicated were added to the final concentrations indicated for each experiment. Ninety-six-well microtiter plates (Corning, NY) were used to check the drug-sensitivity of the yeast growth. In brief, 150 ml of logarithmically growing BY4743 cells (OD 600 ¼ 0:2{0:4) in YPD were transferred to each well, and the same volume of drug solution was mixed into the wells at the left of the plate to make a solution with the highest drug concentration used in the experiment. Dilution series of each drug were then made by transferring 150 ml of the cultures with the indicated drug into the wells at the right, and the plates were incubated for 3 d at 25 C. Local anesthetics (dibucaine, tetracaine, lidocaine, and procaine) and antipsychotic phenothiazines (chlorpromazine, trifluoperazine, fluphenazine, and thioridazine) were purchased from SigmaAldrich (St. Louis, MO). A JB Solution Detergent Test Kit containing surfactants (lithium dodecylsulfate, TritonX-100, 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate, and sulfobetaine 12) was purchased from Mo Bi Tec (Göttingen, Germany). Other surfactants (benzethonium chloride, sodium dodecylsulfate, cethyltrimethylammonium bromide, and nonidet P40) and cycloheximide were purchased from Wako Pure Chemicals (Tokyo). The structures of the chemicals are shown in supplemental data 1: see Biosci. Biotechnol. Biochem. website.
Microscopic analysis. Actin staining and calculation of the percentages of polarization were performed as described previously. 4) For GFP fluorescence microscopy, we used BY4743 cells containing YEplac105-MSN2-GFP, which were kindly provided by D. Kaida and Y. Kikuchi (Department of Biological Science, University of Tokyo). The cells were grown in SC-Ura medium, and images were recorded using an Olympus IX70 microscope with a SENSYS III CCD camera using IP Lab software (Olympus, Tokyo).
Emulsion formation. The surfactant activities of the drugs were determined by emulsion formation. A linoleic acid solution (200 ml, Wako) was layered onto the same volume of each drug solution at the indicated concentration. The bilayer solutions were mixed using a the micro-tube mixer (TOMY, Tokyo) at the top speed for 1 min, and then the state of the mixture was observed after it stood for 5 min and for 25 h.
Lysis assay. Alkaline phosphatase (ALP) activity was determined as described previously, 21) with minor modifications. Logarithmically growing cultures in YPD (100 ml) were treated with a drug and then mixed with 400 ml of reaction mixture containing 50 mM Tris-HCl (pH 9.0), 5 mM MgSO 4 , and 0.32 mg p-nitrophenylphosphate (p-NPP, Wako) and incubated at 35 C for 10-30 min. The reactions were stopped by the addition of 250 ml of 20% trichloroacetic acid, and then 750 ml of 1 M Na 2 CO 3 . Liberated p-nitrophenol was measured spectrophotometrically at A 420 nm, and the specific activity (A 420 nm/A 600 nm) was calculated by [ Polysome analysis. Polysome analysis was carried out as described previously. 4, 5) Logarithmically growing cultures in YPD (A 600 ¼ 0:2{0:5) were used in polysome analysis. Lysates equivalent to 5 A 260 units were prepared in the presence of CYH (0.3 mM), and were layered onto 11 ml of a continuous 10-45% sucrose gradient, and then ultracentrifugation was performed using a p40ST rotor (Himac CP60E; Hitachi, Tokyo) at 35,000 rpm for 2.5 h at 4 C. To assess inhibition of translation at the elongation level, cultures were treated with 0.3 mM of CYH or SDS for 15-30 min at 25 C. Cell extracts were prepared in the presence of the same concentration of the drugs and polysomes were analyzed.
Results
Local anesthetics caused shutdown of intracellular reactions TC induces delocalization of the actin cytoskeleton in yeast. 18) To elucidate the mechanism of action of the anesthetics, we observed the effects of TC, dibucaine (DC), lidocaine (LC), and procaine (PC), as representative local anesthetics, on actin polarization. As shown in Fig. 1A , the actin cytoskeleton was completely depolarized in almost all the cells by 30 min after the addition of DC (5 mM), TC (10 mM), LC (250 mM), and of PC (250 mM), indicating that actin depolarization was a general consequence of treatment with local anesthetics. Actin was polarized normally in the cells cultured with 10 mM LC and with PC, whereas it was depolarized in approximately 85% and 35% of budded cells treated with 100 mM of LC and PC respectively. Thus the local anesthetics depolarized the actin cytoskeleton with an order of efficacy of DC > TC > LC > PC. Because the actin cytoskeleton is rapidly depolarized by osmotic stress, glucose deprivation, or heat stress, local anesthetics can affect yeast cells in a manner similar to environmental stresses. To determine whether there is a common response to the administration of these drugs and stresses, we examined the localization of Msn2, a transcription factor that rapidly accumulates in the nucleus upon exposure to osmotic stress, heat stress, glucose deprivation, or drugs. [22] [23] [24] Similarly to actin depolarization, Msn2-GFP rapidly localized to the nucleus upon the addition of 5 mM DC and of TC, and 200 mM LC or PC (Fig. 2 , local anesthetics). These results indicate that the local anesthetics affect the cells by mechanisms similar, at least in part, to environmental stresses.
As described above, the shutdown responses to environmental stresses can be categorized into three patterns by type of stress: (i) amino acid deprivation, (ii) mild heat shock, and (iii) osmotic stress or glucose deprivation. [1] [2] [3] [4] [5] To determine which stress produces effects most similar to the local anesthetics, polysome analysis was carried out using cells treated with local anesthetics. The polysome/monosome ratio was reduced by treatment with local anesthetics (Fig. 3A) , indicating that the local anesthetics inhibit translation at the initiation level. These observations suggest that the local anesthetics elicit a response comparable to osmotic stress or glucose deprivation, but not to mild heat stress or amino acid deprivation.
The efficacies of the local anesthetics in inducing nuclear localization of Msn2, translation inhibition, and growth inhibition (Fig. 4A ) are similar to those observed for actin depolarization: DC > TC > LC > PC. Significantly, this tendency reflects the relative pharmacological potencies of these anesthetics (DC, 15; TC, 10; LC, 2; and PC, 1), 25) suggesting that the mechanisms determining the relative potencies of the local anesthetics in yeast is similar to those in the mammalian CNS.
Phenothiazine tranquilizers caused shutdown of intracellular reactions
Local anesthetics are amphiphilic molecules consisting of a hydrophilic tertiary amine and a hydrophobic aromatic ring joined by an ester or an amide linkage. Similarly, phenothiazine compounds also have an amphiphilic structure; the tricyclic ring structure is hydrophobic, while the tertiary propylamine tail is hydrophilic 15) (supplemental data 1). If the amphiphilic structure of local anesthetics is important to the shutdown responses, then phenothiazines should induce effects similar to the administration of local anesthetics. CPZ does inhibit translation initiation, 19) although the effects on the other cellular processes tested in this study remain unknown. We tested several phenothiazines (trifluoperazine, TFZ; fluphenazine, FPZ; thioridazine, TDZ), in addition to CPZ, and all displayed activities similar to the local anesthetics. We found that all phenothiazines had similar potencies (1 mM or less) in inducing actin depolarization in yeast, although the effect of CPZ was slightly less potent (Fig. 1B) . Similar trends were observed for the nuclear localization of Msn2-GFP (Fig. 2, phenothiazines) and for the inhibition of translation initiation and growth (Figs. 3 and 4A). These findings indicate that phenothiazines shut down the same intracellular processes as local anesthetics. Hence, their amphiphilic structure might be important to the shutdown response.
The addition of 1 mM of phenothiazines, 10 mM DC or TC, and 250 mM LC or PC to the yeast cells caused complete depolarization of actin ( Fig. 1A and B) . Furthermore, the effective concentrations of phenothiazines for sequestering Msn2-GFP in the nucleus, translation inhibition, and growth inhibition were lower than that of local anesthetics (Figs. 2, 3A , and 4A). These results indicate that phenothiazines are more potent than local anesthetics in eliciting the shutdown responses. This probably accords with the fact that CPZ is more potent than TC, LC, or PC as to nerve-blocking activity in the mammalian system.
10)
Local anesthetics and phenothiazines showed surfactant activity
Surfactants are also amphiphilic compounds, having both a hydrophilic head and a hydrophobic tail, and are categorized into four groups (cationic, anionic, nonionic, and zwitterionic) depending on the charge associated with the hydrophilic head. Since local anesthetics and phenothiazines are amphiphilic, these drugs can behave like surfactants. Surfactants tend to exist as micelles; once a critical concentration (critical micellar concentration, CMC) is reached, further addition of the surfactant results in self-aggregation. Recently, intrinsic CMCs were reported for TC, DC, PC, LC, CPZ, and TFZ, 15, 16, 26) suggesting that these local anesthetics and phenothiazines possess surfactant properties, but there are discrepancies in the CMC values obtained by different methods and under different conditions. Hence we directly compared the surfactant activity of the clinical drugs with those of typical surfactants in a such way as to see emulsion formation upon mixing these compounds with a water-linoleic acid bilayer. Four surfactants (sodium dodecyl sulfate, SDS; benzethonium chloride, BC; nonidetP-40, NP40; and 3-[(3-Cholamidopropyl) dimethylammonio] 1-propanesulfonate, CHAPS) were used as representatives of anionic, cationic, nonionic, and zwitterionic surfactants respectively. Assay mixtures containing 100 mM TC or DC retained emulsified for at least 5 min after mixing, but those containing LC or PC did not. The emulsion formed by TC disappeared by 25 h but that formed by DC did not, indicating that the surfactant activity of TC is lower than that of DC (Fig. 5, local anesthetics) . LC and PC formed emulsions at 1 M, but these emulsions disappeared within 1 h (data not shown). At 50 mM, all phenothiazines and the four surfactants retained stable emulsions after 25 h (Fig. 5 , phenothiazines and surfactants), whereas DC and TC did not remain emulsified for 5 min at the same concentration (data not shown). All the stable emulsions formed by the clinical drugs were of the O/W (oil-in-water) type (Fig. 5, 25 h) , suggesting that these clinical drugs have high HLB (hydrophilelipophile balance) values, a typical property of surfactants. Thus the tested clinical drugs had surfactant activity with efficacies in the order of surfactants and phenothiazines > DC > TC > LC and PC. This order parallels that of the biological activities toward actin depolarization, translation inhibition, nuclear lo- A, Effects of drugs on translation initiation, judged by polysome profiles in the presence of CYH. Logarithmic cultures were treated with TC, DC, CPZ, TFZ, BC, CTAB, or SDS at the indicated concentrations for 15 or 30 min. Cells were harvested before (ctrl) or at the indicated times after the treatment, and polysomes were analyzed in the presence of CYH. B, Effects of SDS on translation elongation, judged by polysome profiles. Logarithmic cultures were treated with CYH or SDS for the indicated times. Cells were harvested and polysomes were analyzed in the absence of both drugs (ctrl) or in the presence of the same drugs and concentrations used in the treatments, respectively. Polysomes were not observed in the absence of CYH that inhibits ribosome transit (Ctrl). Linoleic acid solutions (upper phase) were layered onto aqueous solutions (lower phase) of local anesthetics (TC, DC, LC, and PC), antipsychotic phenothiazines (CPZ, TFZ, FPZ, and TDZ), and surfactants (SDS, BC, NP-40, and CHAPS). Water was used for the control (ctrl). Emulsion formation is shown before (0 min) and at the indicated times after mixing each bilayer solution for 1 min. calization of Msn2, and growth inhibition by local anesthetics.
Cationic surfactants caused shutdowns similar to clinical drugs
The common chemical features of local anesthetics and phenothiazines are amphiphilicity and surfactant activity. Surfactants, although structurally different from the clinical drugs (supplemental data 1, surfactants), exhibit similar chemical properties. If chemical properties such as surfactant activity rather than the chemical structures are important to the biological activity of clinical drugs in yeast, typical surfactants might show similar biological activities. To examine this possibility, we studied the effects of surfactants on intracellular responses. The cationic surfactants (BC and CTAB) and the anionic surfactants (SDS and LDS, lithium dodecyl sulfate) completely depolarized actin within 30 min at 0.1 and 0.5 mM respectively (Fig. 1C) . Nonionic NP-40 incompletely depolarized actin. Nonionic TX-100 (TritonX-100) and zwitterionic SB12 inefficiently depolarized actin at all concentrations tested. Another zwitterionic surfactant, CHAPS, did not depolarize actin at any concentration tested. These observations indicate that cationic surfactants are most potent in inducing actin depolarization, followed by the anionic surfactants. The CMCs of SDS and LDS are 7-10 mM and 8.7 mM respectively, whereas the CMCs of TX-100, SB12, and CHAPS are 0.2-0.9 mM, 2-4 mM, and 6-10 mM respectively (Mo Bi Tec instruction manual). These observations indicate that the efficacy of the drug in inducing actin depolarization does not reflect the intrinsic CMCs of the surfactants. Similarly, in cells treated with either BC or CTAB, rapid nuclear localization of Msn2-GFP and efficient inhibition of both translation initiation and growth were observed. These surfactants were effective at lower concentrations than the clinical drugs (Figs. 2,  3A , and 4B). These results indicate that the shutdown activities of the cationic surfactants are similar to but more efficient than those of the clinical drugs.
SDS neither reduced the polysome/monosome ratio nor inhibited growth at 0.3 mM (Figs. 3A and 4B ), but caused cell lysis at 5 mM without a decrease in the ratio ( Fig. 7A ; data not shown). In contrast, SDS depolarized actin at 0.3-0.5 mM (Figs. 1C and 7B) , and induced nuclear localization of Msn2-GFP at 0.3 mM (Fig. 2) . Similar results were observed with LDS (data not shown). These results indicate that anionic surfactants do not inhibit translation at the initiation level, although they affect other cellular processes. To test the possibility that SDS inhibits translation at the elongation level, the polysome profile in buffer containing 0.3 mM of SDS or 0.3 mM of cycloheximide (CYH) was analyzed. As shown in Fig. 3B , CYH preserved polysomes due to inhibition of ribosome transit, whereas SDS in the absence of CYH did not. The data suggest that anionic surfactants do not inhibit translation at the elongation level. These results indicate that anionic surfactants and cationic surfactants have different actions on the regulation of translation, but act similarly on other cellular processes, and thus suggest that anionic surfactants have effects similar to heat stress, causing rapid depolarization of actin without translation inhibition.
Msn2-GFP was localized to the nucleus upon exposure to TX100 (5 mM), and to SB12 (3 mM), without intense depolarization of actin (Fig. 2) , suggesting that the biological activities of these surfactants differ from those of the clinical drugs.
Interaction between drugs and environmental stresses Local anesthetics, phenothiazines, and cationic surfactants have effects similar to osmotic stress and to glucose deprivation, whereas the effects of SDS treatment are similar to mild heat shock. To determine whether there is a mechanism common to the cellular responses to these drugs and the stresses, we examined the synthetic effects of combined stimuli on actin polarization. As shown in Fig. 6 , low concentrations of the drugs (TC, 4 mM; CPZ, 0.2 mM; BC, 0.03 mM; SDS, 0.15 mM), mild heat shock (32 C), and mild osmotic stress (0.4 M sorbitol) slightly depolarized actin in 12, 22, 16, 9, 16 , and 4% of the cells respectively. Osmotic stress and heat stress together exhibited a slightly additive effect on actin depolarization, detected in 46% of the cells (Fig. 6, right bar) , suggesting that these stresses act on actin depolarization through partially overlapping pathways. In contrast, simultaneous treatment of cells with mild heat shock and one of the clinical drugs (TC, CPZ, or BC) exhibited a marked synergistic effect on actin depolarization, detected in 93, 82, and 83% of the cells respectively, whereas SDS exhibited a modest synergistic effect, detected in 39% of the cells (Fig. 6, gray bars) . These results suggest that TC, CPZ, and BC act on actin depolarization through a pathway distinct from heat stress, whereas SDS acts through a pathway that partially overlaps the heat stress pathway. In the presence of mild osmotic stress, TC, CPZ, and BC exhibited slightly synergistic effects on actin polarization, detected in 57, 32, and 48% of the cells respectively, whereas SDS exhibited a marked synergistic effect on actin depolarization, observed in 93% of the cells (Fig. 6, black bars) . These results suggest that SDS acts on actin depolarization through a pathway distinct from osmotic stress, whereas TC, CPZ, and BC act through a pathway that partially overlaps with the osmotic stress pathway.
Local anesthetics and phenothiazines attacked cell membranes
Surfactants are known to intercalate into cell membranes, resulting in cell lysis. To test whether local anesthetics and phenothiazines would lyse yeast cells as surfactants, we examined the activity of alkaline phosphatase (ALP) using yeast treated with various surfactants. Because mature ALP is localized in the vacuoles, the activity is hardly detected in living cells. As shown in Fig. 7A , all the tested drugs permeabilized the cells when applied at high concentrations. To measure more than 0.03 units of ALP activity at A 600 required 0.1 mM BC, 0.5 mM CPZ and TFZ, 5 mM SDS, and 10 mM TC. TFZ was slightly more potent than CPZ in membrane permeabilization. These results indicate that the clinical drugs can permeabilize cell membranes with efficacies in the order BC > TFZ > CPZ > TC. This order is similar to that of the biological activities observed in actin depolarization ( Fig. 1) , nuclear localization of Msn2-GFP (Fig. 2) , and translation inhibition (Fig. 3A) . Local anesthetics and phenothiazines have been found to disrupt erythrocyte membranes and model membranes, 8, 26) and these findings suggest that the potential of the clinical drugs to permeabilize membranes is important to their intracellular activity in yeast.
Since local anesthetics and phenothiazines attack cell membranes, the drug-associated intracellular responses might be secondary effects of cell lysis, caused by membrane permeabilization. We observed actin polarization and translation initiation in the presence of the drugs at low concentrations, at which they do not apparently alter membrane permeability. The actin cytoskeleton gradually depolarized within 60 minutes in the presence of TC (5 mM), BC (0.04 mM), or CPZ (0.25 mM) without apparent cell lysis, although treatment with CPZ resulted in minor levels of cell lysis after 2 h (Fig. 7B and C) . Similarly, translation initiation was inhibited after 1 h at the same concentrations (Fig. 7D) . These observations indicate that the clinical drugs and the cationic surfactants cause shutdowns without increasing membrane permeability. In addition, when cells were treated with BC (0.04 mM) and the drug was then removed, translation initiation was partially stimulated, indicating that treatment with a low level of BC caused reversible shutdown, rather than an irreversible shutdown caused by cell lysis (Fig. 7D, BC) .
In the presence of SDS (0.3 mM), the actin cytoskeleton was rapidly depolarized within 30 min, but recovered after 1-2 h without cell lysis (Fig. 7B and  C) or inhibition of translation (Fig. 3) , indicating that the SDS-associated depolarization of actin is transient at low SDS concentrations. This observation is consistent with the above result that 0.3 mM of SDS did not inhibit cell growth (Fig. 4B) . Therefore SDS, an anionic surfactant, has actions apparently different from cationic surfactants, local anesthetics, and phenothiazines, although they all have surfactant activity.
Discussion
We found that local anesthetics, phenothiazines, and cationic surfactants induced actin depolarization, nuclear localization of Msn2, and inhibition of translation initiation in yeast. These findings suggest that the yeast experimental system is useful in assessing structure-function relationships and the effectiveness of clinical drugs.
Comparison of the amphiphilic drugs used in this study revealed important features of the compounds that might contribute to shutdowns of intracellular reactions. The surfactant activity of all the clinical drugs tested correlates with their efficacy in inducing shutdowns (compare Fig. 5 with Figs. 1-4) . However, zwitterionic CHAPS did not induce depolarization of actin (Fig. 1C) , although it has surfactant activity (Fig. 5 ). These observations suggest that surfactant activity is not sufficient for actin depolarization. The quaternary ammonium base in the cationic surfactants and the tertiary amine in both local anesthetics and phenothiazines are positively charged under physiological conditions. 15, 16) Thus a cationic group in the hydrophilic region might be important, in addition to surfactant activity, inducing all the responses observed here, because both the clinical drugs and the cationic surfactants, but not the anionic surfactants, inhibited translation initiation.
Local anesthetics are classified into two types: the ester (TC and PC) and amido (DC and LC) types, according to the linker structure between the hydrophilic and the hydrophobic region. The linker structure was not important to potency, since it did not correlate with the efficacy of the drugs in inducing shutdown (DC > TC > LC > PC, Figs. 1A and 3A) . The aromatic ring in the hydrophobic region was not necessary for shutdown activity, because CTAB, which lacks an aromatic ring, also showed potent shutdown activity, similar to BC (supplemental data 1 and Fig. 1 ). The numbers of carbons in the hydrophobic regions of the local anesthetics (DC, C16; TC, C13; LC, C10; PC, C9) did correlate with their shutdown activity (DC > TC > LC > PC) (supplemental data 1 and Figs. 1-4) , as well as with their efficacy in disrupting membranes. 26) The phenothiazines had greater numbers of carbons (CPZ, C15; FPZ, C15; TFZ, C16; TDZ, C16) than the local anesthetics, but fewer than the cationic surfactants (BC: C18, and CTAB: C16, supplemental data 1), and, concomitantly, the shutdown activity of the phenothiazines was more potent than the local anesthetics, but less potent than the cationic surfactants (Figs. 1-4 ). These observations suggest that the number of carbons in the hydrophobic region is proportional to the shutdown effects. However, the phenothiazines (C15-16) were more potent than DC (C16), but less potent than CTAB (C16), although these compounds have similar numbers of carbons in the hydrophobic region. This discrepancy might depend on the ester or tertiary amine structure, possibly alleviating hydrophobicity or lipid solubility, in each hydrophobic region of DC and phenothiazines (supplemental data 1). Therefore, the hydrophobicity, rather than the carbon number in the hydrophobic region, might be proportional to the potency of the biological effect. A similar phenomenon has been observed in hemolysis caused by TFZ and by DC. 16) TC associates with segment 6 in domain IV of the sodium channel, 7) and CPZ blocks GABA, nicotinic ACh, and dopamine receptors in mammalian cells, 10, 11, 13, 14) but these proteins are not present in yeast, and are thus not likely to have been the target of the drugs in the yeast. The molecular structures of the local anesthetics, phenothiazines, and cationic surfactants are different, but their biological effects are similar in yeast. Hence, it is unlikely that these drugs bind similar regions of the target proteins, if present, in yeast. Phospholipids are also amphiphilic compounds, and they form the lipid bilayer of cell membranes. Amphiphilic molecules such as surfactants are thought to interact with the membrane by intercalating into the lipid bilayer, altering the membrane properties, and eventually disrupting the cell membranes at high concentrations. 15) Local anesthetics and phenothiazines also have surfactant properties such as an intrinsic CMC, 16, 26) surfactant activity (Fig. 5) , and the ability to lyse yeast cells (Fig. 7A) . These observations indicate that these clinical drugs are a type of surfactants, and thus indicate the lipid bilayer as the primary target of the clinical drugs in the shutdown response.
The action of SDS, an anionic surfactant, differs from that of BC, a cationic surfactant, at low concentrations (Fig. 7B) , although both can lyse the cells at high concentrations (Fig. 7A) . It is interesting to compare the responses to these surfactants with the responses to environmental stresses. Mild heat stress transiently depolarizes the actin cytoskeleton without affecting translation initiation, 3, 5) as seen in cells treated with a low concentration of SDS (Figs. 3 and 7B) . On the other hand, high osmolarity and also glucose deprivation inhibits actin polarization and translation initiation, 4, 5) as seen in treatment with low concentrations of BC, local anesthetics, or phenothiazines (Figs. 1 and 3A) .
A rise in temperature increases the fluidity of the membrane, and osmotic stress elevates the phase transition temperature of membranes in yeast. 27) In erythrocytes, glucose deprivation, osmotic stress, or treatment with CPZ stimulates exposure of phosphatidylserine from the inner to the outer leaflet of the membrane. 28) This indicates that heat stress, osmotic stress, and glucose deprivation, as well as CPZ, affect the organization of the membrane bilayer. Additionally, a membrane transport defect caused by mutations in the yeast secretory pathway leads to inhibition of translation initiation, as does CPZ, 19) suggesting that a change in the membrane state shuts down these intracellular reactions. Because both surfactants also affect the membrane, these environmental stresses might also primarily be loaded upon cell membranes and result in two different consequences: the regulation of actin polarization by heat stress, and the simultaneous regulation of actin and translation initiation by osmotic stress or glucose deprivation.
To explain the two distinct forms of regulations, we propose a mechanism for the shutdown caused by the drugs and environmental stresses. Morphological studies using erythrocytes suggest that anionic amphiphiles intercalate into the outer leaflet of the lipid bilayer, while cationic amphiphiles preferentially intercalate into the inner leaflet. 29, 30) According to this model, it is possible that heat stress perturbs the outer leaflet in a manner similar to an anionic surfactant, whereas high osmolarity or glucose deprivation perturbs the inner or both leaflets of the membrane in a manner similar to cationic surfactants and clinical drugs. Cell membranes perturbed by environmental stresses can recover, but ones treated with a high concentration of drugs will eventually be disrupted. During perturbation of the outer leaflet, the signals required for the shutdown of actin polarization and cytoplasmic retention of Msn2 might be generated. Perturbation of the inner or both leaflets might generate a signal to shut down translation initiation, in addition to the signal that controls actin polarization and Msn2 localization. This model is consistent with the result that TC, CPZ, and BC act on a pathway distinct from heat stress but partially overlapping with osmotic stress, whereas SDS acts on a pathways distinct from osmotic stress but partially overlapping with heat stress (Fig. 6 ). Phosphatidylcholine and sphingomyelin are enriched in the outer leaflet, while phosphatidylethanolamine and phosphatidylserine are enriched in the inner leaflet of the membrane. The first three lipids have a zwitterionic hydrophilic region, whereas phosphatidylserine is negatively charged at neural pH. 30) Hence anionic and cationic perturbations might preferentially change the charges of the outer and inner leaflets respectively.
Cationic surfactants have potent antimicrobial activities, while anionic surfactants and nonionic surfactants are less toxic against microbes. In general, growth inhibition of microbes by surfactants is thought to be due to membrane disruption causing cell lysis, to membrane permeabilization causing metabolite leakage, or to disruption of protein conformation. 31) This is consistent with our results, in that both cationic and anionic surfactants permeabilized yeast at high concentrations (Fig. 7A) . However, the mechanism of growth inhibition by cationic surfactants at low concentrations, in the absence of membrane disruption, remains unclear. 32, 33) We hypothesize that the low concentration of cationic surfactants continuously activates the shutdown pathways in a manner similar to environmental stresses, possibly via membrane perturbation.
